Functionally-related genes are often co-expressed across conditions, leading to the hypothe-2 sis that functionally-related genes also coevolve at the gene expression level across species. 3 Previous work using codon-based proxies for gene expression supported this hypothesis; 4 1 however, this work ignored the impact of non-independence due to shared ancestry of the 5 species. Recent work demonstrated failure to account for shared ancestry can confound the 6 analysis of interspecies gene expression data. We analyzed empirical gene expression data 7 across 18 fungal species using a multivariate Brownian Motion phylogenetic comparative 8 method (PCM), which allowed us to quantify coevolution between protein pairs while di-9 rectly accounting for the shared ancestry of the species. Our work indicates proteins which 10 interact show stronger signals of coevolution than randomly-generated pairs, with interac-11 tions showing stronger empirical and computational evidence also showing stronger signals 12 of coevolution. We examined the effects of number of protein interactions and gene expres-13 sion levels on coevolution, finding both factors are overall poor predictors of the strength of 14 coevolution between a protein pair. Simulations further demonstrate the potential issues of 15 analyzing gene expression coevolution without accounting for shared ancestry. Overall, this 16 work further demonstrates the potential value of PCMs for the analysis of interspecies gene 17 expression data, although we note several key challenges still facing researchers. 18 Introduction 19 Analysis of high-throughput transcriptomics and proteomics data often focuses on how 20 changes in environment (e.g. nutrient availability) result in changes in mRNA or protein 21 abundances [1]. Through the concept of "guilt-by-association," genes which show simi-22 lar gene expression patterns across conditions are hypothesized to be functionally-related 23
Analysis of Gene Expression Data 141
Analyses and visualizations were performed using the R programming language. Gene ex-142 pression evolution was modeled as a multivariate Brownian Motion process using the R pack-143 age mvMORPH. Briefly, the evolutionary rate matrix for multivariate Brownian Motion 144 represents both the trait variances on the diagonal for the individual gene expression values, 145 as well as the trait covariance between the gene expression estimates on the off-diagonal. The evolutionary correlation coefficient ρ C reflects the degree to which gene expression estimates 147 are correlated over evolutionary time and can be calculated from the evolutionary rate ma-148 trix [40, 28, 29] . The evolutionary correlation coefficient ρ C will from here on out be referred 149 to as the "phylogenetically-corrected correlation" to emphasize this statistic accounts for the 150 shared ancestry of the species. Likewise, we will refer to the Pearson correlation coefficient 151 ρ U (estimated via the R built-in function cor.test()) as the "phylogenetically-uncorrected 152 correlation", as this statistic ignores shared ancestry and uses variances and covariances 153 estimated from the data at the tips of the tree.
154
Appropriateness of the Brownian Motion for modeling trait evolution was assessed as 155 described in [41] . Briefly, phylogenetic independent contrasts (PICs) and standardized vari- Motion assumptions [37, 41], were excluded from further analyses.
160
The phylogenetically-corrected correlation ρ C , which reflects the strength of gene expres-161 sion coevolution between two genes, was compared to metrics associated with functional-162 relatedness of two genes. We expect stronger coevolution of gene expression between pro-163 teins which are more functionally-related. As a metric of functional-relatedness for each 164 interaction, we used the STRING confidence score, which factors in both empirical/compu-165 tational evidence supporting an interaction, as well as evidence from closely-related species. 166 Similarly, one might expect proteins sharing a greater number of overlapping Gene Ontology 167 (GO) terms to be more functionally-related.
168
It is well-established both gene expression and number of interactions in a protein-protein 169 interaction network impact the evolutionary behavior of a protein [43, 44] ; thus, we also 170 tested if such protein-level properties also impact the strength of coevolution between two proteins. We hypothesized proteins pairs which are, on average, more highly expressed and involved in more interactions would show stronger coevolution of gene expression. For each for each protein) and the mean phylogenetically-corrected average gene expression value 175 were calculated. The phylogenetically-corrected average gene expression value for a protein 176 is taken as the ancestral state value estimated at the root of the tree by mvMORPH.
177
To determine if functional-relatedness, gene expression, and number of protein interac- 
where N i is the the number of times protein i appears in the binding group. Confidence 
210
In contrast, the randomly-generated control group had a much lower mean phylogenetically-211 corrected correlation ofρ C = 0.03 (One-sample t-test, 95% CI: 0.025 -0.037, p < 10 −23 ). As 212 is clear from the 95% confidence intervals, the difference between the mean phylogenetically-213 corrected correlations for the binding and control distributions is statistically significant 214 (Welch's t-test, p < 10 −200 ). Although the mean phylogenetically-corrected correlation for 215 the control group is significantly different from 0, it is important to note two things: (1) 216 even though we did our best to eliminate possible false negatives in the control group, it 217 is unlikely all false negatives were eliminated and (2) this is consistent with previous work by [7] , who also had random control groups which were not centered around 0. Despite the 219 small, but statistically significant, deviation from 0 of the control group, the binding group 220 shows a clear skew towards stronger coevolution between protein pairs than is observed in 221 the control group, as expected. 222 We find a weak, but significant, positive correlation between the STRING confidence overlapping Gene Ontology terms (see Supplementary Figure 2 ).
228
We also compared how our phylogentically-corrected approach worked compared to a 229 phylogenetically-uncorrected approach. Qualitatively, a similar pattern to the phylogenetically- 2). We do note there appears to be less of a difference between the binding and control protein sequence coevolution across a yeast phylogeny taken from [12], we found protein 288 sequence coevolution and the phylogenetically-corrected correlations ρ C were weakly, but 289 significantly correlated (ρ S = 0.10, 95% CI: 0.037 -0.155, p = 0.0015). We also found a 290 significant correlation between our phylogenetically-corrected correlation ρ C and the mea- ). This is unsurprising, given that many highly expressed genes are likely to be housekeep- 296 ing genes, such as ribosomal proteins, and thus highly expressed across most conditions and 297 evolutionary time, making CAI a reliable proxy for gene expression in these cases. . There is a weak but significant correlation (Weighted Spearman Rank Correlation ρ S = 0.10, p = 0.0015) between the measures of gene expressions and protein sequence coevolution. (b) A similar comparison using the measures of CAI coevolution from [12] . Again, there is a weak, but significant correlation (Weighted Spearman Rank correlation ρ S = 0.22, p < 10 −16 ).
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